The rotational alignment of the dissociative adsorption of H 2 on the Cu͑111͒ surface has been studied by a six-dimensional quantum dynamics simulation. The theoretical rotational alignment is in excellent agreement with the experimental measurement of Hou et al. ͓Science 277, 80 ͑1997͔͒. The translational energy threshold of the dissociation is found to increase with increase of rotational quantum number j then to decrease after jϭ4 or 5. No substantial difference in the dependence of rotational alignment on the excess translational energy has been found between the dissociation of H 2 and D 2 on the Cu͑111͒ surface. The variation of rotational alignment as a function of excess translational energy is almost independent of the rovibrational level (v, j) of the initial state. The theoretical study further predicts that the rotational alignment curve ͑a function of translational energy͒ would first shift toward high translational energy with increasing j, then shift back toward low translational energy after jϭ5. © 1998 American Institute of Physics.
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The steric effect in a chemical reaction means the rate of reaction is influenced by the geometric configuration of the reactants. It has been observed in some gas-phase reactions for many years.
1 In gas-surface reactions, the steric effect is even more interesting since a thorough understanding of such an effect could have a potentially significant impact in heterogeneous catalysis. Zare et al. performed the pioneer experimental research 2 focusing on the effect of rotational motion of a gas molecule of D 2 in its dissociative adsorption on a Cu surface ͑actually the inverse desorption process was experimentally measured͒. Later for this benchmark gassurface reaction Michelsen et al. have found remarkable indirect evidence of the steric effect for low rotational states. 3 Using the quadrupole alignment parameter ͑rotational alignment͒ a rotationally state-resolved measurement can provide a quantitative description for the steric preference in this reaction. Very recently both Zacharias and co-workers 4 and Wodtke, Rettner, Auerbach and co-workers 5,1 have independently carried out experiments for the D 2 /Cu(111) system. The rovibrational state of D 2 was measured by using linearly polarized probe light for state selected resonance enhanced multiphoton ionization of D 2 products of associative desorption. The polarization dependence of this signal gave information on the rotational polarization of desorbing molecules. This is related to dissociative adsorption by detailed balance.
In the first experiment, 4 the maximum rotational alignment was found to be about 0.11. It was claimed that such a low alignment reflects a microscopic dynamics in which the azimuthal corrugation scrambles the initial orientation of the incident gas molecule. Such a mechanism is also named as the steering effect which means the anisotropic potential would steer the molecule to the minimum-energy reaction path no matter what the initial orientation of the incident molecule is. 17 In the second experiment 1 the rotational alignment has been measured over a wide range of collision energy of the gas molecule. At low collision energy a strong steric preference was observed, while this preference decreased rapidly with collision energy. The highest measured quadrupole alignment parameter was about half of its quantum limiting value and was apparently still increasing toward lower energy. If the steering effect was significant, it would be most pronounced at low collision energy. Thus it was pointed out that in this gas-surface reaction the steering effect does not play a large role since the rotational alignment was increasing as the energy decreased for low collision energy.
Theoretically the steric effect in the dissociation of H 2 on the Cu͑111͒ surface has been extensively studied using reduced dimensional models, e.g., the simplest twodimensional model, 6 the three-dimensional flat surface model, 7 and four-dimensional fixed-site models. 8, 9 All of these reduced dimensional models have predicted a strong steric effect although different potential energy surfaces were applied. Most recently a full dimensional quantum dynamics simulation based on a six-dimensional potential energy surface has been performed. 10 A significant steric effect has still been observed although the six-dimensional potential energy surface is both corrugated and symmetric ͑preserving all the proper rotational and translational symmetries͒. For a given rovibrational level the dissociation probability depends on the orientation of rotation of the initial state, with the ''helicopter'' orientation yielding dramatically larger reaction probability than the ''cartwheel'' orientation. In other words, the broad-side collision is much more favorable to dissociation than the end-on collision. Nevertheless a theoretical controversy about the steric effect in the dissociation of H 2 on the Cu surface has also arisen since a four-dimensional fixed-site model for the H 2 /Cu(100) system showed essentially no steric preference.
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The actual steric effect may depend on the Cu surface ͓i.e., ͑100͒ or ͑111͔͒ used in experiment, and theoretically it will depend on the potential energy surface ͑PES͒, given an accurate calculation. A comparison between experimental and theoretical results can be made using the quadrupole alignment parameter A 0 (2) . 1 Agreement can determine the adequacy of the PES and lend confirmation to the experimental results. The progress in both experiment and theoretical computation has provided an opportunity to make a direct comparison. For the desorption of D 2 from the Cu͑111͒ surface the collision energy dependence of rotational alignment for two rovibrational states ͑vϭ0, jϭ11͒ and ͑vϭ1, jϭ6͒ has been measured. 1 To perform calculations for such high rotational states is a challenge. We use a full direct product discrete variable representation ͑DVR
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͒ to extend our sixdimensional calculation to high rovibrational states. 10 Our theoretical approach 10 is the time-dependent wavepacket propagation of the Schrödinger equation by the splitoperator method. 13 An artificial imaginary absorbing potential 14 was imposed in the asymptotic region to eliminate the boundary reflection. The propagation was carried out in Jacobi coordinates of the H 2 molecule and three Cartesian coordinates of its center of mass: the bond length r, two angles and representing the orientation and azimuth of the molecule, and X, Y , Z. We further assumed that the metal surface was static based on the fact that the dissociation is a direct and fast process as well as on the large mass ratio between H and Cu. For the numerical representation, we used 8ϫ8 evenly spaced Fourier DVR points on the lateral unit cell XϫY ; 120 and 40 sinc DVR points 15 were used in the two reaction coordinates Z and r covering the intervals of ͓1.0͑a.u.͒,11.0͑a.u.͔͒ and ͓0.5͑a.u.͒, 7.0͑a.u.͔͒; and 36 Legendre DVR points and 28 Fourier DVR points were used in the two angles and . The time step was chosen as 10 ͑a.u.͒, and the total propagation time was 12 000 ͑a.u.͒. These numerical parameters provided us results converged for our purposes. Only normal incidence was studied in this paper.
The first comparison to experiment is the rotational effect of the gas molecule in the dissociation process. It has been observed experimentally 3 that the rotational motion was found to hinder the dissociative adsorption for low rotational states ( jϽ5) then enhance it for high rotational states ( j Ͼ5). Since different m states at the same rovibrational level were indistinguishable in the experiment, the theoretical dissociation probability has to be averaged over the rotationalprojection ͑on the Z axis͒ quantum number m. We thus define the degeneracy-averaged dissociation probability P v, j average as
where P v, j m is the dissociation probability from the initial state (v, j,m). We show the P v, j average as functions of translational energy for the initial states on the ground vibrational level and different rotational levels from jϭ0 to 7 ͓Figs. 1͑a͒ and 1͑c͔͒. Evidently the probability first decreases from j ϭ0 to about jϭ4 then reverses to increase after jϭ4 and 5, which is in agreement with the experimental observation.
We analyzed the individual dissociation probabilities for jϭ0 (mϭ0) and jϭ1 ͑mϭ0 and 1͒ ͓Fig. 1͑b͔͒. The internal energy of the rotationally excited state ͑vϭ0, jϭ1, mϭ0͒ is about 0.015 ͑eV͒ higher than the ground state ͑vϭ0, jϭ0, mϭ0͒, while its dissociation probability is significantly smaller. A natural interpretation is that such a difference is brought about by the end-on configuration of the initial state ͑jϭ1, mϭ0͒, the least favorable geometry for dissociation. So averaging over mϭ0 and mϭ1 states results in a lower dissociation probability for jϭ1 than jϭ0. From the energetic point of view the translational energy threshold (E trans threshold ) should increase from jϭ0 to jϭ1, if we define it as the energy point at which the P v, j average reaches half of its saturated value. 3 Simultaneously an opposing factor due to the initial rotational energy increase enhances the dissociation probability as the rotational level increases. The two competing factors cause the dissociation probability first to FIG. 1. The six-dimension quantum dynamics calculations provide the comparison of the translational energy (E trans ) dependence of degeneracyaveraged dissociation probability ( P v, j average ) from the different initial states of the H 2 (v, j) on the Cu͑111͒ surface. v is the vibrational quantum number; j is the rotational quantum number; and m is the rotational-projection ͑on the Z axis͒ quantum number. The P v, j average is found to decrease with increase of j then to increase after jϭ4. ͑a͒ The first five ground vibrational states. ͑b͒ The two individual dissociation probabilities from the initial states ͑vϭ0, jϭ1, mϭ0͒ and ͑vϭ0, jϭ1, mϭ1͒ are compared with that from the ground rovibrational state (vϭ jϭmϭ0). ͑c͒ The higher rovibrational states. The two dotted curves with open squares and diamonds represent two rovibrational states ͑vϭ0, jϭ11͒ and ͑vϭ1, jϭ6͒, the levels for which the rotational alignments were measured ͑Ref. 1͒. The translational threshold energies E trans threshold ͑the black dots͒ have been calculated for these two states.
decrease then to increase after a certain j state. Equivalently the E trans threshold first increases then decreases. Since the efficacy of rotational energy in promoting dissociative adsorption is hindered by the steric preference, it should be less effective than vibrational energy in this regard. For example, we find that in Fig. 1͑c͒ the E trans threshold of ͑vϭ1, jϭ6͒ is 0.1 ͑eV͒ lower than that of ͑vϭ0, jϭ11͒ whose internal energy is even 0.09 ͑eV͒ higher.
For the steric effect, a more quantitative comparison to experiment should be based on the rotational alignment. Quantum mechanically the rotational alignment A 0 (2) is expressed in terms of the individual dissociation probabilities as
The maximum value ͑the quantum limiting value͒ of A 0 (2) for a given j is (2 jϪ1)/( jϩ1).
In Fig. 2 , the theoretical rotational alignments of H 2 (v ϭ0,jϭ11) and H 2 (vϭ1,jϭ6) were plotted against the experimental counterparts D 2 (vϭ0,jϭ11) and D 2 (vϭ1,j ϭ6). Qualitatively they agree excellently with each other; that is the rotational alignments rapidly decay as functions of translational energy in both cases. Our theoretical study strongly confirmed that at low translational energy such alignment could well exceed half of its quantum limiting value which is manifest evidence that the steric preference does exist in this gas-surface collision. More precisely, the excess translational energy ͑the translational energy minus the translational energy threshold͒ should be considered as the key role which reduces the rotational alignment. Therefore we further compared the dependence of the rotational alignment on the excess translational energy in Figs. 2͑b͒ and 2͑d͒.
Since it is currently prohibitive to calculate the rotational alignment of the D 2 dissociation on the Cu͑111͒ surface, an important question should be answered before a quantitative comparison could be made. That is whether there is a substantial difference between D 2 and H 2 in dissociation on the Cu͑111͒ surface. We performed fixed-site four-dimensional quantum dynamics ͑4D͒ calculations 8 for both the D 2 /Cu(111) and the H 2 /Cu(111) systems. In the 4D calculations, the two lateral coordinates X and Y of the incident molecule were fixed on the bridge site of the Cu͑111͒ surface, the most favorable impact site for dissociation. In From Figs. 2͑b͒ and 2͑d͒ , we might conclude that even quantitatively the theoretical rotational alignments are close to the experimental data, although toward low energy the theoretical study shows faster increase of the rotational alignment than the experiment.
Another issue is the rotational effect and the vibrational effect on the rotational alignment. It was very interesting to observe in Fig. 4 that the rotational-state dependence of the rotational alignment curve ͑a function of translational energy͒ shows an exact opposite trend to that of the degeneracy-averaged dissociation probability ͑Fig. 1͒. The rotational alignment curve apparently would shift toward high translational energy with increase of the rotational level j, then it would shift back toward low translational energy after jϭ5. Since the overall feature of the rotational alignment curve ͑a function of the excess translational energy͒ . From the experiment ͑Ref. 3͒ it was estimated that the E trans threshold for the D 2 (vϭ0,j ϭ11) is about 0.54 ͑eV͒. The 6D theoretical study obtained the E trans threshold for the H 2 (vϭ0,jϭ11) is also 0.54 ͑eV͒ ͑Fig. 1͒. ͑c͒ The solid curve is for the H 2 (vϭ1,jϭ6)/Cu(111), and the black dots with error bars is for the D 2 (vϭ1,jϭ6)/Cu(111). ͑d͒ The two curves in ͑c͒ are shifted by their E trans threshold . E trans threshold for the D 2 (vϭ1,jϭ6) is about 0.43 ͑eV͒ ͑Ref. 3͒, and E trans threshold for the H 2 (vϭ1,jϭ6) is found to be 0.45 ͑eV͒ in the 6D calculation.
depends very little on the rotational level j and the vibrational level v ͓Fig. 3͑c͔͒, such a curve shifting could only result from the changing of the translational energy threshold with increase of j. The translational energy threshold has been found first to increase then decrease after jϭ4 or 5; the rotational alignment curve ͑a function of translational energy͒ thus would shift toward high translational energy then shift back toward low translational energy.
Finally we concluded that the full dimensional potential energy surface 9 has essentially reproduced the experimental observation of the rotational alignment. This implies that this potential energy surface is sufficiently accurate to mimic the gas-solid interface of the H 2 /Cu(111). However we point out the quantitative discrepancy in the translational energy threshold between the theory and the experiment. For instance, the fixed-site model shows that the translational energy threshold of the D 2 (vϭ0,jϭ11)/Cu(111) is 0.72 ͑eV͒ about 0.18 ͑eV͒ higher than the experimental measurement. 3 We notice that some uncertainty in the reaction barrier from the available ab initio data 16, 9 which might cause the inaccuracy of the translational energy threshold. Nevertheless the rotational alignment as a function of excess translational energy is uneffected by a small deviation in height of the reaction barrier. from the different initial states of the H 2 (v, j) on the Cu͑111͒ surface. Along the axis of translational energy, the curve of rotational alignment would shift toward high translational energy with increase of j ͑up to jϭ5͒ then move back toward low translational energy, which is opposite to the trend found in the degeneracy-averaged dissociation probability ͑Fig. 1͒.
